Imaging the lateral shift of a quantum-point contact using scanning-gate microscopy 
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We perform scanning-gate microscopy on a quantum-point contact. It is defined in a high- mobility 
two-dimensional electron gas of an AlGaAs/GaAs heterostructure, giving rise to a weak disorder 
potential. The lever arm of the scanning tip is significantly smaller than that of the split gates 
defining the conducting channel of the quantum-point contact. We are able to observe that the 
conducting channel is shifted in real space when asymmetric gate voltages are applied. The observed 
shifts are consistent with transport data and numerical estimations. 
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Quantum-point contacts (QPCs) are the building 
blocks of most electronic nanostructures. Despite their 
conceptual simplicity, they show intriguing properties 
like quantized conductance pj |2 and rich many-body 
physics [3 -5 . Local-probe techniques like scanning-gate 
microscopy (SGM) proved to be particularly powerful 
tools to extract a wealth of information about QPCs and 
two-dimensional electron gases (2DEGs) in general 
[TO]. 

With the advent of high-mobility samples and the dis- 
covery of very fragile quantum effects - most notable the 
5/2-fractional quantum Hall state - it is desirable to gain 
a quantitative understanding of local potential fluctua- 
tions in the 2DEG and the behavior of quantum states, 
in particular edge channels, in a QPC. In fact, conven- 
tional transport experiments were performed in which 
asymmetric top-gate voltages were used to tune the po- 
tential landscape in the QPC channel [11]. Here, we use 
SGM to image and quantify the shift of the conducting 
QPC channel. This is an essential part in understanding 
the influence of top-gates on the underlying high-mobility 
2DEG. 

The sample under investigation is a high-mobility 
GaAs-QPC with mobilities of more than 10 x 10^ cm^/Vs 
at temperatures below 4.2 K. The measurements were 
performed at temperatures of around 10 K where mo- 
bilities are lower. The electron density is ns = 3 x 
2q15 ^-2 y^]^]^ ^ corresponding Fermi wavelength of Ap = 
^J2^l /n^ = 44 nm. The 2DEG resides in a quantum well 
(QW) which is buried 160 nm below the surface. In order 
to reach these high mobilities, the QW is symmetrically 
(5-doped with Si-donors at depths of 70 nm and 250 nm. 
Remaining donor electrons which do not contribute to the 
2DEG fill states in the X-valleys of AlAs layers close to 
the doping planes. Two further Si donor layers at 40 nm 
and 680 nm are expected to partially form DX-centers; 
their purpose is to compensate for surface states and sub- 
strate impurities. The gating properties of this kind of 
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heterostructures are described in detail in Ref. TT, It is 
not obvious a priori - in particular because of hysteresis 
effects [12 - whether SGM would work on such a device. 

The QPC is formed by two metallic top gates which 
form a gap of width W = 200 nm as shown in the inset 
of Fig. [TJa). At low temperatures, conductance plateaus 
spaced by 2e^ /h appear when the top gates are used to 
pinch off the conducting QPC channel. In Fig. [ija), 
such a pinch-off curve is shown for a device of (nomi- 
nally) identical geometry [13]. The differential conduc- 
tance g = d/so/dVsD is measured in four-terminal con- 
figuration via lock- in technique. After numerical deriva- 
tion with respect to the gate voltages Vlg and Frg, the 
transconductance d^/dFLG&RG (along the bisecting line 
of the plane) is shown in color as a function of the voltages 
applied to the two top gates. The conductance steps show 
up as hyperbolicly shaped curves of elevated transcon- 
ductance. We define the asymmetry of top-gate voltages 
as AVg '= Vlg — Vrg- If we apply the same voltages to 
both top gates, we denote this with just Vq. 

Conductance quantization is barely visible for the QPC 
under investigation here because of the elevated temper- 
ature, as seen in Fig. [ijb). The 2DEG below the top 
gates is depleted at Vg ^ —1.35 V and the QPC channel 
is formed. It is pinched off at Vg ~ —2.35 V. We note 
that these are about the same values as for the reference 
device shown in Fig. [TJa) and discussed in Ref. 13, 

We place the metallic tip of our home-built cryogenic 
atomic-force microscope 50 nm above the QPC channel 
(height above the metallic gates) and use it as a local 
gate by applying a voltage Vnp to the tip [14 . Nega- 
tive tip voltages lead to a decrease in QPC conductance 
as expected and shown in Fig. [ijc). Extrapolating the 
linear behavior of Fig. [TJd) leads to an estimated pinch- 
off voltage of Vtip ^ —190 V which cannot be reached 
in our experiment. This is in contrast to the experi- 
ment performed by Topinka et al. E] which was in- 
terpreted in terms of backscattering of electrons off a 
tip-induced depletion pivot. We define the lever arms 
<^G,tip = dG/dVG,tip of the top gates and the tip as the 
slope of the curves (in the linear regime) in Figs, [l] (b) 
and (c) and extract ac ^ 400 /iS/V and atip ~ 400 nS/V. 
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FIG. 1: (Color) (a) Transconductance of the QPC from 
Ref. El at T = 1.3 K. Up to 13 conductance steps ap- 
pear as hyperbolic-shaped features in the plane of the two 
top gates. We define the asymmetry in top gate voltages as 
AVg Vlg — Vrg- The white circles are points at the in- 
dicated values of AVg- The quantities ^lg and Skg are the 
distances of the conducting QPC channel to the left and right 
top gates as described in the main text below. Inset: Topog- 
raphy of a nominally identical QPC (discussed in Ref. 113)) . 
The channel formed by the two top gates with applied volt- 
ages Vrg and Vlg has a width of 200 nm. (b) Depletion 
curve of the QPC under investigation here as a function of 
top-gate voltage. Depletion under the top gates is reached 
for Vg < —1.35 V. Conductance steps are smeared out be- 
cause of the rather high temperature of T ^ 10 K. Close 
to pinch-off, a weak 0.7-anomaly is observed. The QPC is 
pinched off at Vg ~ —2.35 V. (c) Conductance of the QPC as 
a function of tip voltage Vbip for a tip height of 50 nm above 
the gates and Vg = —2.2 V. 



The values for atip vary by a factor of ~ 2 depending on 
the value of Vq- The ratio atip/<^G ^ 10~^ is very small. 
This may result from the particular sample design and 
the 2DEG being deep below the surface embedded be- 
tween special doping layers. 

We now perform SGM, meaning that we fix the top- 
gate and tip voltages and scan the tip at a constant height 
above the QPC. In this way, we obtain the spatially re- 
solved current map shown in Fig. |2|a). The dotted lines 
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FIG. 2: (Color) (a) Scanning-gate image of the QPC for a 
source-drain bias of 100 /xV, Vg = — 2V, and Vtip = — 3V. 
The current / through the QPC is shown in color code as a 
function of tip position. The dotted lines trace the outline of 
the metallic top gates, (b) Line cuts along the vertical and the 
horizontal dashed lines in (a). They are offset from each other 
for clarity. The current decreases when the tip approaches 
the QPC as it is expected for a negatively charged tip. The 
unexpected enhancement of current in the QPC shows up as 
a local maximum. The (blue) data points are fitted with a 
Lorentzian function (solid lines) with the indicated widths. 



trace the edges of the top gates. The uncertainity of the 
alignment of the SGM image and the edges of the gates 
as determined from electrostatic-force microscoy corre- 
sponds roughly to the geometric width of the QPC chan- 
nel. Since the tip is negatively biased at Vtip = — 3 V and 
the current / is mainly determined by the conductance of 
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the QPC, we expect the current to decrease when the tip 
approaches the QPC. The overah behavior does indeed 
fohow the expectation. Unexpectedly, however, we find 
a spot of less suppressed current close to the center of 
the QPC where the two dashed lines cross in Fig. |2|a) 
[2T] . We will speculate on its physical origin below. The 
current map is asymmetric, i.e. lines of constant current 
have an elliptic shape. This might refiect the tip shape. 
However, since this asymmetry is aligned with the gate 
arrangement, we consider it more likely to be due to a 
screening effect of the tip-induced potential by the gates 

Figure |2|b) presents line cuts along the horizontal and 
vertical dashed lines of the SGM image in Fig.|2|a). The 
current decreases when the tip approaches the QPC until 
it increases again yielding a local current maximum which 
refiects the spot of less suppressed current of Fig. |2|a). 
The width F^^^^ of the tip-induced potential is extracted 
by fitting the outer data points (blue data points without 
the enhanced current) with a Lorentzian curve of the 

form I = lo X Tl^y/ ({xnp - xqpcf + ^l,y)^ where we 
interpret xqpq as the position of the QPC channel. The 
fits yield a width of F^^ = 350 nm and F^ = 520 nm for 
the horizontal and vertical cuts, respectively. The smaller 
value of Fx is expected because the tip-induced potential 
is wider than the QPC channel and is therefore affected 
by screening of the gates [15j. 

In order to further explore the properties of the QPC, 
we scan the tip along the horizontal dashed line in 
Fig. [2|a) and change the asymmetry AVq according to 
Vlg = -2.25 V + AVg/2. The asymmetry then follows 
the dashed line in the plane of the two gate voltages in 
Fig. [ija). The result is shown in Fig. jsja), where the 
average current of each horizontal line was subtracted. 
Intuitively, one expects that the QPC channel is shifted 
laterally if the gate-voltage asymmetry is changed - for 
more negative AVq the channel is pressed to the right 
and vice versa. Such a behavior was indeed theoretically 
predicted [16 and experimental results were interpreted 
assuming such a shift pT|fT7|. Nevertheless, a direct ex- 
perimental observation of a shift has not been shown yet. 

Our measurement shows, firstly, that the position of 
the spot of less suppressed current is observed at Xgpot ^ 
1.5 jam (black, dashed line), independent of gate asym- 
metry (within the experimental accuracy). We there- 
fore speculate that this spot is due to the geometrical 
arrangement of the gate electrodes. Otherwise, Xgpot 
should depend on AVq] in particular, x^pot should shift 
in parallel to xqpc (see below) if the spot was due to 
a certain tip geometry. Secondly, the overall decrease 
in current - measured by xqpq as explained below - is 
shifted to the left for more positive AVq. This can be 
observed more clearly when looking at the line cuts for 
AVg = -1.5 V,OV, 1.5 V presented in panel (b): The 
local maxima of all curves indicating x^pot coincide with 
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FIG. 3: (Color) (a) Line scans of the tip along the QPC 
axis (dashed line in Fig. [l]^a), scale is given in panel (b), 
Vtip = — 3 V). The gate asymmetry is changed along the ver- 
tical axis such that Vlg — — 2.25 V + AVg/2, and the current 
through the QPC is given in color code (arbitrary units, color 
palette as in Fig. [2|a) but for each line the average value was 
subtracted). The position Xspot of the spot of enhanced cur- 
rent is independent of AVg as the vertical dashed line shows 
whereas the overall decrease in current is tilted to the left for 
more positive AVg- This becomes clearer in panel (b) where 
we present line cuts extracted from the measurement shown 
in (a) for the indicated gate-voltage asymmetries: The peak 
of enhanced current is at the same tip position for all volt- 
ages but the outer envelope is shifted to the left for increasing 
asymmetry, (c) Shift of the QPC channel (red line/circles) for 
different gate- volt age asymmetries AVg deduced from panel 
(a) compared with the shift estimated from the transport ex- 
periment presented in Fig.[T]^b) (green squares) and with the- 
ory (blue stars). 

each other (vertical dashed line), but the overall decrease 
in current is shifted to the left for increasing asymmetry 
as intuitively expected. 

In Ref. [151 a seeming shift of the position of a quantum 
dot was identified as being due to electrostatic effects; 
a real physical shift of the quantum dot could not be 
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deduced. Here, we observe a physical shift of the QPC 
channel. If the shift was due to electrostatic effects, Xgpot 
would show the same shift. Since this is not the case, the 
observed shift of the QPC channel is physical. 

We follow the procedure described above for extracting 
the magnitude of the shift: Fitting the decrease in current 
with a Lorentzian yields xqpc which we normalize such 
that XQPC = Onm for AVq = OV. In Fig. js^c), the 
position of the QPC channel extracted from Fig. fsja) for 
seven different gate-voltage asymmetries is plotted (red 
circles). The total shift is ~ 110 nm in the investigated 
range of asymmetry. 

The shift of the QPC channel can also be estimated 
from the transport data presented in Fig.jlja). The seven 
circles correspond to the gate-voltage asymmetries for 
which the shift was determined from the SGM data. The 
width w of the QPC channel can be estimated from w ~ 
nAF/2, where n is the number of conducting QPC modes. 
The spatial distance ^rq from the channel center to the 
right top-gate edge is then estimated by half the Fermi 
wavelength times the number of modes that are added by 
following the dotted horizontal line until the 2DEG below 
the right top gate is not depleted anymore at Vrg = 
-1.2 V. This yields the distance ^rq ^ 8Af/2 = 176 nm. 
The corresponding analysis gives ^lg ^ 3Af/2 = 66 nm 
for the distance from the channel center to the left top- 
gate edge. The sum Jrq + (^lg is slightly larger than the 
separation W = 200 nm of the two gates. The procedure 
is repeated for the other six data points. The channel 
position is then defined as xqpc (^lg — ^g) /2 and 
normalized as above. The positions of the QPC channel 
extracted this way are also plotted in Fig. [sjc) as green 
squares. The agreement between both methods - despite 
the rough estimate for the width of the QPC channel - 
is very good and supports the assumption that a lateral 
shift of the QPC is both induced and detected in the 
presented experiment. This is the main result of this 
paper. 

For completeness, we compare our experimental data 
with the analytic prediction for the total potential <l>(x, z) 
in the plane of the 2DEG from Ref. [16] The x-axis is 
parallel to the dashed line in the inset of Fig. [ija); the 
z-axis is the normal to the surface of the semiconductor. 
The potential <I> is then the sum of two contributions of 
different origins, 

^{x, z) = (FlgQ^lg {x, z, W) + FrgQ^rg W)) 
+ ^ion {x,z,W,ns), 

where the first contribution depends on the gate voltages 
^LG,RG with characteristic functions aLG,RG and the sec- 
ond is due to charged donors in the slit between the gates. 
This function has a minimum along the x-axis within the 
slit which forms the QPC channel. Its position xqpc de- 
pends on the gate voltages and can thus be shifted as a 
function of asymmetry. We determine the minima for the 



parameters of our sample and the different gate asym- 
metries; the result is shown as blue stars in Fig. [sj^c). 
The kink at AVq = ±1.5 V occurs because in the model 
the QPC shift cannot exceed the width W = 200 nm 
of the QPC, i.e. |xqpc| < 100 nm. Theory and experi- 
ment agree within a factor of 2 which is reasonably good. 
The theoretical overestimation of the shift is due to the 
following two reasons: (i) In the theory, the length of 
the QPC channel is assumed to be much longer than its 
width W and the depth of the 2DEG is assumed to be 
marginal compared to the width W. These conditions are 
experimentally not fulfilled, (ii) The X-electrons and the 
2DEG itself can (self-consistently) screen the influence of 
the gates [18^ - a possibility which is not implemented in 
the theory. 



Finally, we want to comment on the physical origin of 
the spot of less suppressed current inside the QPC chan- 
nel. The fact that its position Xgpot is independent of ap- 
plied gate voltages indicates that the origin is linked to 
the topographic gate-electrode arrangement. For exam- 
ple, the tip-induced potential may be screened efficiently 
by the gates at the spot such that the current through the 
QPC increases. An alternative, more subtle explanation 
is that the precise tuning of the QPC at the spot leads 
to a parallel conductance of X-electrons. Such an effect 
has been observed in conventional transport for certain 
gate voltages p[9] . 



In conclusion, we presented scanning-gate mea- 
surements on a QPC processed on a high-mobility 
AlxGai_xAs heterostructure [13 . Our experiments 
proved that it is possible to perform SGM on such a struc- 
ture which is not obvious because of hysteretic effects 
[12]. However, it was not possible to deplete the 2DEG 
underneath the tip completely. This may open new pos- 
siblities to perform future experiments in the weakly in- 
vasive regime. In SGM images, an unexpected spot of 
less suppressed current showed up close to the center of 
the QPC. Its origin has not been completely understood 
yet but is probably due to a screening effect. Most impor- 
tantly, we imaged directly how the QPC channel shifts 
when different asymmetric gate voltages were applied. A 
comparison with an estimate from direct transport data 
gives excellent agreement. The agreement with a theo- 
retical model neglecting self-consistent effects is reason- 
able and deviations are qualitatively understood. For the 
future, SGM on high-mobility structures can be used to 
locally investigate electron-electron interactions [9 - this 
is of particular interest when these structures are tuned 
into the (fractional) quantum Hall regime. Our results 
presented here suggest that this endeavor should be fea- 
sible. 
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